Introduction
The macrophage is the major differentiated cell of the mononuclear phagocyte system. Macrophages are widely distributed and strategically placed in many tissues of the body not only to combat infection but also to perform a vast array of other immunological, physiological and homeostatic functions and therefore play important roles in disease control and progression [1] . Some of these functions include antigen processing and presentation as well as coordination of the adaptive immune responses, clearance of senescent or damaged cells, autoimmunity and hyperinflammation, chemotaxis, tissue remodeling and repair, placental development and lipid and iron metabolism. Since phagocytosis is a vital determinant of host defense against microbial intruders and injury, there have been numerous attempts towards development of colloidal particles of variable size and dimensions for macrophage-specific targeting [2, 3] . Indeed, the propensity of macrophages for phagocytic clearance (often through pattern recognition receptors including the family of scavenger receptors, Dectins and mannose receptor, Fc and complement receptors) [4] offers a viable approach for the design and engineering of particulate carrier systems to combat diseases and disorders where macrophages play a central role. This strategy is achievable since the surfaces of particulate drug carriers, such as liposomes, polymeric nano-and microparticles, nanocapsules and polymer micelles ( fig. 1 ), are not only prone to opsonization events in the blood and other body fluids, but also amenable to modification with macrophage/ monocyte receptor ligands ( fig. 2 ) . Indeed, various nanoparticles have been used for delivery of therapeutic and diagnostic agents to different macrophages in the body to combat persistent infections, treat macrophage genetic disorders, modulate macrophage accessory functions, induce macrophage death and detect local pathologies (e.g. cancer) [2, 3] . Encapsulation or incorporation of drug molecules into the aforementioned particles affords protection against drug degradation or inactivation en route to the macrophages. This may even result in a reduction of the amount of therapeutic agent needed to obtain a clinical effect, and may effectively reduce drug-induced toxicity and other side effects. However, possible adverse effects of nanoparticles must also be considered. These concepts are reviewed in this article and the potential application of nanotechnology to the understanding of macrophage heterogeneity and future development of personalized immune-cell therapies is also discussed. There are cells other than macrophages that may participate in the uptake and clearance of nano-and microparticles, but this depends on physicochemical characteristics of the particles in question and their mode of entry into the body. These include immune cells such as neutrophils, dendritic cells (DCs), B cells, T cell subtypes and M cells, as well as nonimmune cells (e.g. platelets, hepatocytes, endothelial cells, epithelial cells, enterocytes and tumor cells) [2, 3] . A detailed discussion of these aspects is beyond the scope of this article.
Basic Concepts

Anatomical Considerations: Reaching the Macrophage
Intravenous Route Similar to microbial pathogens, particulate drug carriers and functional nanoparticles can reach macrophages from different physiological portals of entry. Intravenously injected particulate drug carriers are rapidly intercepted by hepatic macrophages (Kupffer cells), macrophages in the marginal zone and the red-pulp regions of the sinusoidal spleens ( fig. 3 ) as well as persinal macrophages in the bone marrow (species-dependent; fig. 4 ), since these macrophages are in direct, open contact with the bloodstream [2, 3] . Blood monocytes are also capable of internalizing particulate matters. In many mammals, including humans, rat and mouse, Kupffer cells are the largest population of macrophages in direct contact with the blood, and the bulk of intravenously injected particles are therefore predominantly localized to the liver. Periportal Kupffer cells (approximately comprising 45% of total liver macrophages) are the main particle scavengers; this is also reflected in their larger size and higher lysosomal enzyme activity (on a per cell basis), compared with Kupffer cells located in the hepatic midzonal and perivenous regions [5] . In contrast to Kupffer cells, pulmonary intravascular macrophages are the main scavengers in calves, pigs, cats, goats and sheep [6] . These macrophages are junctionally adherent to the capillary endothelium of lungs and morphologically similar to the Kupffer cells. However, differentiated pulmonary intravascular macrophages are rare in newborn pigs, whereas monocytes are closely associated with the pulmonary capillary endothelium.
Access to stromal or hematopoietic macrophages of the bone marrow is typically through nanoparticle passages across the bone marrow sinus endothelium [7, 8] . The bone marrow sinus endothelium is capable of removing particles by both transcellular and intercellular routes ( fig. 4 ) . The former route occurs through the diaphragmed fenestrae of endothelial walls and the latter route is associated with the formation of bristle-coated pits on the luminal surface of endothelium, where internalized particles are often directed to dense bodies [7] .
The intravenous route also offers a gateway for particle access (depending on their size and surface characteristics) to interstitial macrophages at locations where the endothelial barrier is perturbed by inflammatory processes or by dysregulated angiogenesis (e.g. arthritis, atherosclerotic lesions and solid tumors) [2, 3] . However, there is marked variability in endothelial permeability at pathological sites that may control the extent of particle extravasation and hence access to local macrophages. For example, variability in endothelial function and permeability has been widely documented in different tumor types, different vessels within the same tumor and during tumor growth, regression and relapse [9, 10] . Pore frequency and cutoff size (200-1,200 nm) in tumors may be controlled by microenvironmental factors and may increase with the histological grade and malignant potential of tumors. Examples of particulate drug carriers and functional nanoparticles for macrophage/monocyte targeting. Transmission electron microscopy (TEM) image of a multilamellar vesicle consisting of several lipid bilayers separated from one another by aqueous spaces ( a ) and a cryo-TEM image of small unilamellar vesicles consisting of a single bilayer surrounding the entrapped aqueous space ( b ). Drug molecules can be either entrapped in the aqueous space or intercalated into the lipid bilayer, depending on the physicochemical characteristics of the drug. The micrograph ( c ) is the scanning electron microscope image of polymeric nanospheres. These entities can be assembled from a variety of preformed synthetic polymers of different architecture (e.g. linear, di-and tri-block, cross-linked, dendronized) or by polymerization of monomers. Polymers of natural origin (e.g. albumin, gelatin, chitosan, hyaluronic acid) and pseudosynthetic polymers [e.g. poly (amino acids)] have also been used for nanoparticle construction. Polymeric nanoparticles are usually classified as either nanospheres or nanocapsules. In nanospheres, drugs or contrast agents are dispersed throughout the structure, whereas nanocapsules are composed of an oily or an aqueous drug-containing core surrounded by a polymeric membrane. d , e TEM images of two different types of polymeric micelles, respectively. Micelles are formed in solution as aggregates in which the amphiphilic component molecules are generally arranged in a spheroidal structure with hydrophobic cores shielded from water by a mantle of hydrophilic groups. These entities are used for solubilization of water-insoluble drugs. f Atomic force microscope image of single-walled carbon nanotubes (CNTs). CNTs are basically graphene sheets rolled up into hollow cylinders that can be many microns in length and typically with a small diameter. They consist of carbon atoms arranged in a hexagonal lattice, the physical properties of CNTs depend greatly on the diameter of the tubes and the orientation of the hexagons relative to the central CNT axis, which can be adjusted according to the purpose. CNTs can be divided in two groups, namely single-walled CNTs and multiwalled CNTs. Both exhibit interesting physical properties, such as high thermal stability, unique electronic characteristics that are very sensitive to their geometric structure as well as high mechanical strength combined with an ultra-low weight and large aspect ratio. These properties make CNTs attractive candidates for disease diagnosis and treatment, but are challenged by high toxicity.
Intraperitoneal Route
Intraperitoneal injection will present particles first to macrophages in the peritoneal cavity, but some particles may ultimately reach macrophages in the lymph nodes through lymphatics in the diaphragm and, subsequently, many could reach the bloodstream by this route [11] . Indeed, stomata, which are exclusive to the diaphragm, serve as the main drainage channels for absorption from the peritoneal cavity where the fluid enters subperitoneal lymphatic lacunae. The principal extrinsic lymphatic drainage is via parasternal lymphatic trunks that carry lymph (and hence the suspended particles) to the parasternal/mediastinal lymph nodes and, ultimately, to the right lymphatic or upper terminal thoracic duct.
Pleural Cavity
The lymphatic system also returns fluid from the pleural space surrounding the lungs through peribronchial and subpleural networks. The peribronchial network follows the bronchial tree, draining lymph from the bronchi and most of the lungs, whereas the subpleural network collects lymph from the peripheral lung and visceral pleura. These lymphatic networks provide routes for particle migration out of the pleural space. For instance, in- jection of carbon particles into the pleural cavity of Japanese monkeys demonstrated particle accumulation in the subpleural lymphatic lacunae through the mesothelial cells, which are present on the parietal pleura [12] . Communication between abdominal lymph nodes and pleural space has also been demonstrated [12] .
Subcutaneous Route
Subcutaneously injected particles will be challenged first by interstitial macrophages (and to some extent by local DCs), but a significant fraction of particles will eventually drain into the initial lymphatic system by penetrating the thin-walled and fenestrated lymphatic microvessels. From here, they and are subsequently conveyed to the regional draining lymph nodes via the afferent lymph ( fig. 5 ) [13, 14] . In the lymph nodes, macrophages of the subcapsular floor and medullary sinuses are the key scavengers responsible for elimination of some drained particles. There are also indications that lymph node sinus-resident immature DCs could participate in the capture of nanoparticles [15] . This process may have important implications in vaccination strategies with nanoparticulate adjuvants. The role of DC types (e.g. interstitial and dermal DCs, and Langerhans cells) and The micrograph also shows a venous sinus. Particles are filtered first at interendothelial cell slits before macrophage engulfment (nanoparticle filtration still proceeds after destruction of redpulp macrophages by clodronate-containing liposomes). e An enlarged view of a red-pulp macrophage with ingested poloxamine 908-coated nanoparticles. Modified with permission [33, 103] .
their endocytic receptors in nanoparticle recognition, uptake and transport processes is beyond the scope of this article and is discussed elsewhere [16] . Drained particles that by-pass lymph node retention eventually reach the bloodstream through the thoracic duct and the right lymphatic duct. The former duct begins in the abdomen, passes along the vertebral column and opens into the venous system at the junction of the left jugular vein and subclavian veins. The latter duct receives lymph only from the upper-right portion of the body; the lymph is next emptied into the right brachiocephalic vein. The possibility of nanoparticle extravasation from afferent lymphatic branches into perinodal adipose tissue has not received much attention, but DCs are also found in abundance in perinodal adipose tissue [17, 18] . This plausible route may account for DC uptake of some interstitially injected nanoparticles and eventual DC migration into the lymph node.
Intratracheal Route
Intratracheally administered particles can readily reach alveolar macrophages but not interstitial macrophages that are separated from the alveolar space by an epithelial barrier. There are reports that have shown the presence of asbestos fibers in the pleural space after intratracheal injection [19] . The process of fiber transfer to the pleura after inhalation is unclear, but presumably is through lymphatic spread and/or dependent on particle morphology (rod shape) and spatial orientation.
Other Routes
Finally, macrophages in organs such as brain, gut, eye, testis and the synovial cavity of joints are mainly accessible by local administration but it is cumbersome to reach the majority of local macrophages in these locations. For instance, only a small fraction of orally administered particles gain access to macrophages through M cells at the Peyer's patches; the M cell apical mem- In a the sinus consists of endothelium (end), basement membrane and adventitial cells (adv). Apertures are present in the endothelium (diaphragmed), and hematopoietic cells, en route to the circulation, are passing through them. The sketch also shows a macrophage (m), which extends a process into the lumen of the vascular sinus (a persinal macrophage) as well as megakaryocytes (meg), stromal cells (str), an erythroblastic islet (erb islet) and a granulocyte islet (gran islet). Macrophages are also associated with both islets. In b nanoparticles are 150 nm in size. Modified with permission [8, 116] .
branes bind and take up particles from the gut lumen and transport them to underlying macrophages and DCs [20] . However, some macrophages are able to send processes through the epithelium from the lamina propria and may be able to directly sample nanoparticles in the intestinal lumen [20] .
Physicochemical Considerations of Particles Controlling Macrophage/Monocyte Clearance
Colloidal targeting of macrophages/monocytes is controlled by the physicochemical parameters of particles such as size, shape and surface characteristics; these is- sues are reviewed in detail elsewhere [2, 3, 21] . Collectively, these parameters affect the extent of particle attachment to macrophages/monocytes and their subsequent internalization and trafficking processes. Here, we discuss the key and most recent concepts.
Particle Surface Characteristics and Size
The physicochemical parameters of particulate drug carriers are often changed once in contact with biological fluids, such as the blood and lymph [2, [21] [22] [23] [24] . These alterations may further impose significant effects on macrophage/monocyte recognition and clearance rate of drug carriers. For instance, an important consequence of particle contact with blood is adsorption and deposition of a range of plasma proteins on the particle surface [2, 23] . The composition of the plasma protein coat differs considerably in amount and heterogeneity and in a timedependent manner, depending on the physicochemical properties of particles. Some of these proteins act as opsonic factors. Examples of key opsonic proteins include various subclasses of antibodies that are capable of mediating particle recognition by different macrophage Fc receptors. They also include complement activation products, such as C3b and iC3b, which also prime the particle surface for interaction with a plethora of macrophage complement receptors. The binding of different opsonic proteins and/or dynamic changes in surface opsonization processes may determine which subpopulation of macrophages will host the particles. Therefore, dynamic opsonization processes could indicate a recognition hierarchy phenomenon, wherein a specific macrophage receptor (or population) might recognize the earliest surface changes and other receptors (or other subpopulations) might engage later [21] . Understanding of differential opsonization processes may further allow means for design of drug carriers with high specificity towards only one macrophage subset in a typical organ.
A recent study demonstrated that intravenously injected liposomes containing the anionic lipid succinate predominantly localizes to the bone marrow macrophages in rhesus monkey, rabbit and hamster, but not in rats or mice where these liposomes are sequestered by both the hepatic and the splenic macrophage [25] . Whether these observations are related to blood opsonization processes and/or to differences in macrophage recognition of succinic acid still remains to be elucidated. In contrast to this attempt, an earlier study demonstrated exclusive localization of some intravenously injected engineered nanoparticles to sinus endothelial cells of the rabbit bone marrow [8] .
During the past 2 decades we have witnessed rapid developments in stealth technologies, resulting in the engineering of particulate delivery systems that remain resistant to rapid clearance by macrophages in contact with the blood [2] . Stealth characteristics were initially achieved through either covalent attachment of polyethylene glycol 2000 (PEG2000) molecules to the nanoparticle surface ( fig. 6 ) or by surface adsorption of polyoxypropylene-polyoxyethylene linear or star-shaped block copolymers (e.g. poloxamer 407 and poloxamine 908, respectively) on hydrophobic nanoparticles. Today, there are many other polymers that can confer longevity to nanoparticles following surface grafting or adsorption and these are discussed elsewhere [2, 3, 21, 26] . Typically, these particles are below 150 nm in size and the stealth characteristics are conferred through increased surface hydrophilicity, where the surface projected polymer chains strongly associate with neighboring water molecules. Therefore, surface-projected PEG or polyethylene oxide chains provide stability to the particle suspension by repulsion through a steric mechanism of stabilization involving both enthalpic and entropic contributions [27] . Due to its hydrophilicity, the steric barrier dramatically suppresses protein adsorption, but this may not necessarily prevent opsonization processes [27] [28] [29] . For instance, complement activation and fixation still proceeds with some surface-engineered particles ( fig. 6 ), where the extent of complement activation and fixation depends on surface density and conformation of the projected polymers [23, 30] . The surface polymer conformational changes have further been shown to switch complement activation from one pathway to another [23] . The steric barrier on the nanoparticle surface, however, can interfere with the binding of C3b and/or iC3b to their corresponding macrophage receptors [29] . As a result of their macrophage-evading property, stealth nanoparticles have widely been used for both drug delivery to solid tumors and tumor detection using different imaging modalities [2, 3, 21, 26] .
Through rational design and understanding of intrasplenic microcirculation pathways, a range of splenotropic nanoparticles have also been designed that mainly localize to the marginal zone and the red-pulp macrophages with minimum sequestration by Kupffer cells [31, 32] . Morphologically, splenotropic nanoparticles are rigid nondeformable entities of 220-250 nm in diameter exhibiting stealth characteristics to the hepatic Kupffer cell recognition (e.g. through surface coating with poloxamine 908). As a result of poor recognition and clearance by Kupffer cells, nanoparticle concentration in the blood remains high. Therefore, more nanoparticles are exposed to the spleen in time (the rate of blood flow to the spleen is substantially lower than the liver). It is the combined particle size and nondeformable characteristics that contribute to particle filtration at interendothelial cell slits located at splenic venous sinuses, since the width of interendothelial cell slits is below 220 nm. Remarkably, macrophages in the vicinity of cell slits eventually take up filtered nanoparticles, but the mechanism of recognition remains unknown ( fig. 3 ) [33] . In our studies, we have eliminated the role for the splenic macrophage complement receptors in sequestration of splenotropic nanoparticles. The whole process of splenotropic particle filtration and eventual macrophage uptake resembles erythrocytes containing rigid inclusions (e.g. Heinz bodies or malarial plasmodia) of 200 U 300 nm. Such erythrocytes are thought to be 'pitted' of their inclusions at interendothelial cell slits, which are eventually cleared by the redpulp macrophages. Nevertheless, these splenotropic particles may have important applications with respect to examining splenic microcirculatory pathways in addition to selective delivery of antimicrobials and other therapeutic molecules to marginal zone and red-pulp macrophages [34] .
Similarly, following subcutaneous injection, size and surface characteristics of particles can also control their clearance rates and the extent of macrophage sequestration [13, 14, [35] [36] [37] . Generally, small particles (often below 20 nm) can leak from interstitial spaces into the blood capillaries, whereas the majority of larger particles (20-150 nm) drain into the initial lymphatic capillaries. However, if particles are too large (150 nm or above) they move slowly from the site of injection and drainage into the lymphatic vessels may take a period of days. The slow drainage can induce inflammation and renders particles susceptible to ingestion by interstitial macrophages as well as local and dermal DCs [13] . Surface properties may further induce particle aggregation at the injection site and control the extent of particle interaction with the amorphous ground substance of the interstitium [35] . Numerous attempts have addressed these concepts through surface engineering of polymeric particles and liposomes with polymers [35] [36] [37] . In one study, the surfaces of 45 nm polystyrene nanoparticles were modified by adsorption of the block copolymer poloxamer 407.
Adjusting the adlayer thickness of poloxamer 407 on the surface of polystyrene nanoparticles to 1.5-2.5 nm not only reduced the extent of nanoparticle aggregation at interstitial spaces, compared with uncoated nanoparticles, but also accelerated the rate of nanoparticle drainage into the initial lymphatic vessels ( fig. 7 ) [35] . Furthermore, macrophages in the draining lymph nodes were The effect of poloxamer 407 adlayer thickness ( ␦ ) on lymphatic distribution of polystyrene nanoparticles at 6 h postinterstitial injection into rat footpads. Nanoparticles were 45.5 nm in size before coating with poloxamer 407. Extent of nanoparticle retention at the injection site ( a ) and distribution of drained nanoparticles among popliteal and iliac nodes ( b ). c Structure of poloxamer 407 and scanning electron micrographs of representative uncoated and poloxamer-coated nanoparticles. Nanoparticle packing arrangement is most regular when poloxamer ␦ 6 3.9 nm. The upper part is a schematic representation of a poloxamer molecule on a nanoparticle surface. At low poloxamer concentrations the surface is partly covered by poloxamer molecules. At such concentrations the ethylene oxide chains will be close to the nanoparticle surface (mushroom configuration) due to a large available surface area per adsorbed poloxamer molecule. Ethylene oxide chains will assume a 'brush-like' configuration at high concentrations of poloxamer. This is due to a smaller available surface area per adsorbed poloxamer molecule and repulsive forces arising from the ether oxygen atoms of projecting ethylene oxide chains (larger ␦ values). Modified with permission [35] .
able to recognize and ingest the flowing poloxamer-coated nanoparticles ( fig. 7 ) . On the other hand, increasing the adlayer thickness of the poloxamer to above 4 nm accelerated particle clearance from the interstitium further, but the drained particles were poorly recognizable by the lymph node macrophage [35] . Thus by precision surface engineering one can simultaneously control both the extent of the nanoparticle drainage rate from interstitium and fate within the lymphatic system. These approaches have laid the foundation for the design and engineering of advanced contrast agents for both lymph node and lymphatic vessel imaging in different pathologies [38] .
Particle Shape
A recent study has shown that particles of variable shapes are capable of initiating phagocytosis in at least one orientation [39] . The particle shape at the point of initial contact could control whether macrophages proceed with phagocytosis or rest over particles, but the particle size primarily affected the completion of phagocytosis in cases where particle volume exceeded the cell volume. Similarly, shape-switching particles (engineered from stimulus-responsive polymers) also exhibit unique interactions with macrophages; elliptical diskshaped particles that are not phagocytosed by macrophages were made to internalize through shape switching into spherical particles [40] . These observations are of particular interest for the design and engineering of drug carriers for pulmonary administration and targeting of alveolar macrophages, particularly for treatment of tuberculosis.
Another interesting case is intravenously injected amino-functionalized single-walled carbon nanotubes with average lengths of 200-300 nm that by-pass efficient macrophage sequestration, but undergo rapid renal clearance by glomerular filtration. This process involves partial tubular reabsorption and transient translocation into the proximal tubular cell nuclei, but does not involve active secretion via specific transporters [41] . Longer entities such as filomicelles (2-18 m), however, exhibit prolonged circulation half-lives, often in the order of days [42] . Hydrodynamic shears tend to stretch and flow-align the cylindrical filomicelles in most blood vessels, which minimizes filomicelle interactions with macrophages by pulling off the filomicelles as they come into contact with the phagocytes. However, following cell contact, a 'nanofragment' of a filomicelle might break off and be taken up by macrophages in the liver and the spleen [42] .
Surface Engineering with Macrophage Ligands
There are continuous efforts that target particles to specific macrophage receptors through surface grafting with receptor-specific ligands [2, 3] . One such example is tuftsin, a natural macrophage activator peptide that can stimulate accessory functions to combat infections [43] . Another candidate macrophage receptor, which has been exploited in particle surface engineering and macrophage targeting, is the hemoglobin scavenger receptor CD163. This receptor is overexpressed in tissue-resident macrophages of the M2 phenotype and in macrophages in sites of inflammation and tumor growth [44] [45] [46] . Ligands of mannose receptor carbohydrate recognition domains modulate macrophage function [47, 48] and have also been used for nanoparticle decoration and macrophage (and DC) targeting [2, 3] . Heparin-binding epidermal growth factor is expressed on leukocytes and particularly by the monocytes. A recent attempt has targeted heparin-binding epidermal growth factor expressed by monocytes and conventional DCs with cross-reacting material 197 (a nontoxic variant of diphtheria toxin) functionalized liposomes [49] .
The rate of drainage and lymph node capture of interstitially injected PEGylated (or stealth) liposomes of 100 nm in size was also improved by grafting of nonspecific IgG to the distal end of surface-projected PEG chains [36, 37, 50] . The amount of IgG-PEG-liposome deposition in the regional lymph nodes was further improved following an adjacent subcutaneous injection of pentameric IgM against the surface-grafted IgG components without compromising the vesicle drainage rate from the interstitium [37] . The mechanism of action was suggested to arise from the formation of large immune-aggregates within the lymphatic vessels with subsequent transport to and trapping by macrophages at the floor of subcapsular sinuses. Rapidly drained IgM molecules may also bind lymph node macrophage Fc receptors. This in turn could generate platforms for the subsequent trapping of drained IgG-decorated liposomes or their aggregates. The antibody attachment procedures in these studies have generated immune-vesicles displaying IgG molecules in random orientation. Accordingly, random antibody conjugation through the Fab region may expose the Fc region, thereby facilitating Fc receptor recognition of immunoliposomes. IgG antibodies are also glycoproteins with Nlinked carbohydrate in the Fc domain. The Fc glycan plays an important role on antibody effector functions, but plays a minimal role on antibody half-life or its antigen binding. The Fc glycan portion of IgG can be oxidized for coupling to PEGylated liposomes (e.g. by means of hydrazine-PEG-phospholipid). This mode of IgG coupling reaction, however, diminished Fc segment exposure to macrophages, but macrophages recognized and internalized immunovesicles predominantly via the scavenger receptor class A-I/II [50] .
Selected Therapeutic Concepts
Lysosomal and Cytoplasmic Targeting: Antimicrobial, Nucleic Acid and Antigen Delivery Macrophages serve as sites of proliferation of certain pathogens during some or all of the infection process. Notable examples include infections associated with developing countries such as visceral leishmaniasis, malaria and tuberculosis, where most of the conventionally used dosage forms of antimicrobial treatments have shortcomings of severe toxic side effects and emergence of drug resistance [3] . Passive targeting of colloidal carriers with encapsulated antimicrobial agents to infected macrophages, particularly via intravenous and pulmonary routes of administration, serve as logical strategies to effective microbial killing, while minimizing adverse drug related effects [51, 52] . This may result in a further reduction of the amount of the active agent needed to obtain therapeutic efficacy since the phagocytic/endocytic pathways will direct the carrier to lysosomes where persistent pathogens are often resident, and may effectively reduce antimicrobial-induced adverse effects. Degradation of the carrier by hydrolytic lysosomal enzymes releases the drug into the organelle or into the cytoplasm. The latter is either by diffusion or by specific transporters and can challenge cytoplasmic infections. A regulatoryapproved liposomal formulation of amphotericin B is now available for treatment of visceral leishmaniasis or confirmed infections caused by various fungal species [2, 3] . This formulation has significantly reduced nephrotoxicity associated with amphotericin B as well as the release of proinflammatory cytokines, while achieving therapeutic drug concentrations in the infected macrophages. A wide range of liposomal formulations containing immunomodulators have also been used to successfully combat infections as well as for inducing macrophage-mediated destruction of metastases [2, 3] .
Advances in material design and engineering have further provided new opportunities for assembly of stimuli-responsive drug carriers, thus offering better control over the release of encapsulated cargo in to the cytoplasm [3, 21, [53] [54] [55] . Notable examples include particulate carriers composed of pH-sensitive polymers, pH-sensitive and charge-reversible liposomes, and fusion-competent vesicles that release their encapsulated drugs in late endosomes due to low microenvironmental pH. This also results in efficient cytosolic cargo delivery due to carriermediated endosomal destabilization and is important for combating cytoplasmic infections as well as for nucleic acid release and antigen presentation to the major histocompatibility complex class I pathway [3, 53] . There are ongoing efforts that combine such carries in conjunction with ligands against macrophage plasma membrane receptors, such as mannose receptor and Dectins, as well as endosomal toll-like receptors for efficient antigen transport and processing [16] . On the other hand, some polymers, when coupled to molecules carrying a delocalized positive charge, can exclusively localize to mitochondrion and by-pass the usual endolysosomal routes ( fig. 8 ). These polymers may be components of polymer micelles, but mitochondrial localization is exclusive to the monomer.
There are concerns regarding the cytotoxicity of therapeutic nanoparticles, or some of their constituents (e.g. polycations), as they may perturb endolysosomal membranes, form pores and affect organelle integrity [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] . Some cathepsins are stationed in endosomes and their release through nanomaterial-mediated endosomal damage may induce apoptosis through Bid cleavage. Likewise, leakage of lysosomal proteases into cytosol is known to occur when lysosomal integrity is compromised, even only moderately, as in the case of antibiotic treatments such as gentamicin [66] . Lysosomal cathepsins are also endowed with the capacity to cleave Bid as well as induce cell death through other complex intracellular processes [67, 68] . The polycationic constituent of some nanoparticles (e.g. as in nucleic acid delivery systems) may further form complexes with highly anionic macromolecules such as F-actin or even interfere with actin polymerization, thereby inducing membrane damage as well as affecting internalization modes and subsequent responses. Polymeric and/or surfactant constituents of nanoparticles may even modulate global gene expression, as in activation of nuclear factor-〉 and hence cytokine production. Another concern is macrophage interception of nanoparticles carrying cytotoxic cargos to solid tumors, which may also induce macrophage destruction through the release of encapsulated cytotoxic drugs. In the case of Kupffer cell destruction, full restoration of the Kupffer cell population often takes 2 weeks [69] ; this may increase the risk of bacteremia during the period of macrophage deficiency in cancer patients. Such issues must be seriously considered within the context of a therapeutic ben-efit-to-risk ratio, paying particular attention to the frequency of nanoparticle dosing, macrophage turnover and heterogeneity.
Gaucher's Disease and Crossing the Blood-Brain Barrier
The ultimate lysosomal destination of colloidal particles in macrophages has opened a viable approach for lysosomal enzyme replacement [70, 71] . A typical example is the treatment of Gaucher's disease, which is an autosomal recessive condition with its highest prevalence in Ashkenazi Jews [72] . This typical lysosomal storage disease is caused by a deficiency in glucocerebrosidase, responsible for a step in the cleavage of glucose from ceramide, resulting in glucocerebroside substrate accumulation within macrophages [73] . There are three types of Gaucher's disease. Type I is a noncerebral form of the storage disease in adults, with some residual enzymatic activity, which is where colloidal delivery of the enzyme has demonstrated significant value and therapeutic efficacy at the experimental level. Type II is infantile and is an acute disease dominated by cerebral accumulation of substrate with hepatosplenic involvement, where no enzyme activity is usually detected. Type III is a juvenile disorder intermediate in signs and symptoms from other Gaucher's disease types.
Since the blood-brain barrier poses a formidable barrier to particle delivery to the brain, ex vivo modulation of monocytes with drug carriers may offer future opportunities to combat type II Gaucher's disease (e.g. through gene delivery) and other local conditions such as cerebral HIV infection. It is now known that some monocytes emigrate from the systemic circulation and develop into macrophages in different tissues [74] . Many stimuli also elicit increased recruitment of some monocytes to peripheral sites, where differentiation into macrophages and DCs occurs [75] . These processes contribute to the host defense and tissue repair. The brain contains two sets of monocyte-macrophage cells [76] . These are parenchymal microglial cells and blood-borne monocytes. The parenchymal microglial cells are mesodermally derived cells and are believed to enter the brain early in gestation. They are highly stable and comprise approximately 12% of cells in the brain and are more abundant in the gray matter. They are also replenished from bone marrow cells at a very low rate. The blood-borne brain monocytes are predominantly located in the perivascular spaces, the leptomeninges and the choroid plexus. In steady-state, microglia does not arise from monocytes; the earliest macrophages following brain injury arise from parenchymal microglia [76] . However, within a few days most macrophages arise from perivascular monocytes [76] . A recent report, however, has shown that Ly-6C hi CCR2 + monocytes are preferentially recruited to the lesioned brain where they differentiate into microglia [77] . These cells could potentially be used for therapeutic interventions in the lesioned brain following nanoparticle challenge. Others have demonstrated the potential brain targeting ability of intravenously injected ex vivo loaded monocyte-derived macrophages with indinavirencapsulated nanoparticles, which resulted in reduced HIV-1 replication in HIV-1 encephalitis brain regions [78] .
Macrophage Silencing and Destruction
Macrophages are attractive targets for RNA interference (siRNA) therapy because of their involvement in chronic conditions such as atherosclerosis, rheumatoid arthritis, diabetes and inflammatory bowel disease. Recently, the ability of ␤ 1,3-D -glucan-encapsulated siRNA particles as efficient oral delivery vehicles that potentially silence Map4k4 (mitogen-activated protein kinase kinase kinase kinase 4) gene in mouse macrophages was demonstrated [79] . This approach protected animals from lipopolysaccharide-induced lethality by inhibiting TNF-␣ and interleukin-1 ␤ production. Others have focused on using nanoparticles to manipulate phagocytic cell numbers. Examples include liposomal formulations of the bisphosphonate drugs for macrophage destruction in conditions such as autoimmune blood disorders, spinal cord injury, rheumatoid arthritis, T cell-mediated autoimmune diabetes and restenosis [80] . Selective compartmental macrophage elimination, as in synovial lining of murine knee joints, has also been achieved with boron-10-containing liposomes in combination with neutron irradiation, following local administration [81] . These macrophage 'suicide' approaches have further enabled the study of macrophage recruitment in a particular organ as well as many functions of these cells in relation to microenvironmental conditions. Selective macrophage destruction may further benefit from recent advances in nanotechnology and nanoparticle engineering, such as the development of composite metal nanoshells [82, 83] . These entities consist of a spherical dielectric core of 20-80 nm made from silica surrounded by a thin metal shell of 5-20 nm (e.g. gold). The design takes advantage of the plasmon resonance property of the metal shell. Consequently, the type of plasmon that exists on the surface of a metallic nanoshell is directly related to the shape and curvature of the particle. Therefore, by controlling the relative thickness of the core and shell layers, the plasmon resonance and resultant optical absorption properties can be adjusted from near-UV to mid infrared [82] . In addition to these properties, drugs can also be incorporated within the nanoshell core. The plasmon resonance property of near infrared-responsive gold nanoshells could be worthy of exploitation for photothermal ablation of macrophages under magnetic resonance guidance. This approach, however, has proved to be highly effective for the destruction of glioblastoma and astrocytoma [83] .
Macrophage Imaging
Colloidal targeting of macrophages has many applications in diagnostic medicine with different modalities including positron emission tomography ( fig. 9 ), MRI and spectral fluorescence imaging [3, 14, 38, [84] [85] [86] . For example, particulate contrast agents such as superparamagnetic iron oxide nanocrystals are widely used for detection of cancer as well as atherosclerosis by MRI following an intravenous route of administration [3, 85] . Here, through macrophage loading, the surrounding parenchyma will change in intensity. Likewise, subcutaneous injection of radiolabelled nanoparticles has allowed for better cancer detection, including demonstration of the route of lymphatic drainage from the tumor and identifying lymph nodes at risk of metastases, thus affording surgical guidance and better treatment planning (e.g. localizing regional lymph nodes for lymphadenectomy and radiation therapy) [49] . An interesting development is the application of quantum dots for sentinel lymph node mapping and particularly in multicolor wavelength-resolved spectral fluorescence lymphangiography [86] . Quantum dots are nanoscale crystalline structures composed of different compounds (e.g. cadmium selenide) that can transform the spectrum of radiative emission [3] . These entities absorb white light and then reemit it a couple of nanoseconds later at a specific wavelength. Therefore, by varying the size and composition of quantum dots, the emission wavelength can be tuned from blue to near infrared ( fig. 10 ). Quantum dot toxicity, however, is of concern [87] [88] [89] [90] . Cadmium selenide quantum dots are lethal to cells under UV irradiation and when their protective coating is lost intracellularly.
Future Directions
Targeting Macrophage Heterogeneity Macrophage exhibit extensive receptor repertoire and versatile functions; these make them highly responsive to environmental microheterogeneity and also demonstrable in vitro [4, 5, 75, [91] [92] [93] [94] [95] [96] [97] . For instance, ovarian cancer cells have been shown to switch cocultured macrophages to a phenotype similar to that found in ovarian tumors [97] . Macrophage populations display remarkable heterogeneity even within the same tissue. For instance, there are at least five different subpopulations of macrophages in the mouse spleen [98] . Functional and phenotypic heterogeneity are further evident in rat and human Kupffer cell populations [5, 99, 100] . Marked heterogeneity in the turnover and variable lifespan of macrophages has also been indicated [75] . It is well known that circulating monocytes may give rise to mature macrophages, but monocytes are also heterogeneous themselves and monocyte heterogeneity is well conserved in humans and mice [75] . The different monocyte subsets may reflect developmental stages with distinct physiological roles. From a pharmacological perspective, these findings are important for the development of particulate-based strategies that target a particular subpopulation of monocytes or subsets of macrophages (as in primed/activated Kupffer cells, infected macrophages, tumor-resident macrophages, or by optimizing delivery to newly recruited monocytes versus local resident macrophages). In sup- Positron emission tomography images of a mouse receiving an intravenous dose of stealth liposome. 64 Cu radionuclide was used to label the liposomes and biodistribution was followed for 24 h. Initially the aorta, the main veins and the heart region gave the highest signal intensity (representing liposome presence in the systemic circulation). However, splenic and hepatic signal intensities increased at later time points. The images further illustrate that the spleen receives the highest liposome dose g -1 tissue followed by the liver, where resident macrophages (hepatic Kupffer cells and splenic marginal zone and red-pulp macrophages) are responsible for liposome clearance. Modified with permission [84] . The relationship between size and color of cadmium selenide quantum dots irradiated with a UV light. Quantum dots are semiconductors with electronic characteristics that are controlled by size and shape of individual crystals. By increasing the size, the emission wavelength of quantum dots may be tuned from blue to near infrared due to quantum confinement. Generally, the smaller the size and the larger the band gap, the greater the difference in energy between the highest valence band and the lowest conduction band becomes. As a result, more energy is required to excite the quantum dot and therefore more energy is released when the dot returns to its resting state. Quantum dots are not soluble in aqueous environments. For biological applications their surface must be modified (e.g. with polymer layers) to make them water dispersible. These approaches will dramatically increase the hydrodynamic size of the quantum dots (often in the order of 30-50 nm).
port of this notion, there are attempts which have demonstrated the ability of newly recruited liver macrophages (as well as activated macrophages) to sequester nanoparticles with stealth characteristics (particles resistant to recognition by the quiescent resident Kupffer cells, which consequently exhibit prolonged circulation half-lives) [101] [102] [103] . Similarly, sex hormones can profoundly influence the phagocytic activity of the host defense system and modulate drug carrier distribution among different macrophage subsets. For instance, treatment of mice with the synthetic estrogen diethylstilbestrol indicated that liposome recognition via the complement receptor Mac-1 (CD11b/CD18) in the liver was exclusive to the newly recruited monocytes [104] .
Understanding of Endo-Lysosomal Events in DCs and Macrophages
DCs are the only antigen-presenting cells having crosspresentation capacity, which is an important part of modulating the immune response. Interestingly, DCs lose the ability of cross-presentation in the late stage of maturation even though they retain their ability of internalization [105] . There are strong indications that this is associated with a change in the acidification of endosomes which results in differences in transfer to the cytosol in early and late stages of maturation. The fate of antigens presented on nanoparticles also seem to differ depending on particle size and acidification of the endosomes; however, precise knowledge of how this is correlated to DC maturation is not known [106, 107] . Thus, there is a need to investigate differences in DC maturation and endosome acidification in relation to antigen presentation by particle-based delivery systems and particle size and hydrophobicity seem highly important parameters and need special attention. Some of these issues can perhaps be studied and resolved through the recent development of nanoparticle-based time-resolved pH measurements in endosomes and lysosomes ( fig. 11 ) [108, 109] . Examples include nanoparticle sensors with a pH measurement range of 3.2-7.0, which was synthesized by adding three fluorophores, of which two were pH-sensitive [108] .
Translational Mechanical and Mechanosensitivity Processes
Understanding of monocyte/macrophage mechanical and mechanosensitivity processes that control particle binding and internalization is also important for better design and surface modification of phagocyte-specific carriers that operate under shear flow conditions or at interstitial sites. An interesting example is the catch-bond concept. Catch bonds are bonds between a ligand and its receptor that are enhanced by a mechanical force that pulls apart the ligand-receptor complex [110] . Here, current evidence suggests that force-induced structural alterations in the receptor protein are allosterically linked to a high-affinity conformation of its ligand-binding pocket [110] . Catch bonds are widespread among adhesive proteins such as Escherichia coli adhesin FimH, which mediates catch bond formation with the target P-and L-selectins.
Translation of Molecular Adhesion Processes
Advantage must also be taken from an understanding of cellular and molecular adhesion mechanisms that are used by migrating monocytes to leave vasculature. Translation of these events to nanoparticle engineering may result in the design of entities with endowed ability to cross biological barriers, such as the blood-brain barrier for therapeutic interventions.
Understanding of Macrophage Contribution to Infusion-Related Reactions
The available clinical evidence suggests that intravenous infusion of therapeutic liposomes and nanoparticles (including stealth systems) may trigger adverse acute al- lergic-like reactions in some individuals and are often associated with flushing and circulatory disturbances [24, [111] [112] [113] . These reactions are not initiated or mediated by immunoglobulin E antibodies and remain unpredictable by the standard allergy tests. There is strong evidence that complement activation may be a contributing, but not a rate-limiting factor in eliciting acute allergic-like reactions in sensitive individuals [24, 112, 113] . In addition to this, nanoparticle infusion-mediated symptomatic responses, reaction severity and duration may have further links to the state of macrophage responsiveness and receptor functionality. Acute allergic-like reactions to the same nanoparticles as used in humans are very common in pigs [112, 113] . Hemodynamic responses in pigs include a massive rise in pulmonary arterial pressure and a decline in systemic arterial pressure, cardiac output and left ventricular end-diastolic pressure [112, 113] . Depending on nanoparticle composition and dose transient electrocardiogram alterations, including tachycardia, bradycardia, ST segment depression and T wave changes, ventricular fibrillation or cardiac arrest may occur. However, prior destruction of pulmonary intravascular macrophages with clodronate liposomes can prevent these events. Therefore, a clear understanding of the macrophage role (and other immune cells such as mast cells) in infusion-related adverse reactions remains pivotal to the future development of nanoparticle-based therapeutics.
Beyond State of the Art Nanoparticle Engineering
There are many limitations with current approaches in particulate drug delivery systems for macrophage targeting. An endemic problem is poor drug loading in polymeric drug carriers. One example is poor loading efficiency of ampicillin in polyalkylcyanoacrylate nanoparticles, which were used for treatment of Salmonella typhimurium-and Listeria monocytogenes -infected peritoneal macrophages [60, 61] . Accordingly, higher amounts of nanoparticles are required to deliver sufficient amounts of antibiotic for microbial killing, but this can also induce cytotoxicity due to intracellular overloading of the cyanoacrylic polymer.
The levels of sophistication in design and nanoengineering are also generating more heterogeneous populations of nanoparticles [21] . Consequently, these may cause problems in the targeting of macrophage subsets through different portals of entry and further intracellular processing.
There have been recent breakthroughs in the nanofabrication of polymeric particles that address some of these issues, which are expected to dramatically improve drug loading, macrophage targeting, intracellular drug delivery and controlled compartmental drug release. One remarkable approach is the Particle Replication in Nonwetting Templates (PRINT), which is based on the exploitation of the low surface energy of novel fluoropolymeric molds to produce a variety of organic particles with welldefined controllable physicochemical parameters [114] . Indeed, PRINT allows for precise control over particle size (from tens of nanometers to several microns), geometry (spheres, cylinders, discs and toroids), porosity and texture and yield monodisperse particles. Additionally, the concentration of drug cargos in the particles can be exactly chosen to meet specific needs since this technology does not rely on kinetic drug trapping as in the case with liposomes and micelles.
Phagocytosis Resistant 'Backpacks'
While ex vivo modification and loading of monocytes/macrophages with therapeutic nanoparticles have shown promising results in different therapeutic scenarios after reinjection, the technique suffers from the fact that the drug carriers are sequestered in the phagolysosomal compartments. This reduces the drug release rate at the pathological sites and may even degrade or inactivate the drug. This limitation was recently addressed through design innovations allowing particles to be attached to macrophages without being internalized [115] . These entities were fabricated using a standard photolithography lift-off technique of layer-by-layer and spraydeposited film. Surface attachment was through a hyaluronic acid-CD44-mediated adhesion process. Remarkably, these procedures did not interfere with macrophage functions, including phagocytosis, and the 'backpacks' were capable of releasing an entrapped model protein in a controlled and sustained manner in vitro. Such approaches may hold great promise for the treatment of cancer and other inflammatory processes through monocyte/macrophage homing; however, detailed experiments are still necessary to assess their safety at different levels.
A 'Patient-Centric' Translational Approach
Finally, current advances in nanotechnology are expected to contribute enormously to a 'patient-centric' translational research approach with monocytes and macrophages. Potential examples include micro-and nanotechnology fabrication methodologies for immune cell confinement in two-dimensional (based on microfluidic and micropatterning with cell-specific ligand or nanoparticles on conducting polymers) or three-dimensional (hydrogel-based) scaffolds. These approaches could potentially allow parallel individual processing and selection of millions of monocytes, macrophages and even DCs, not only for understanding of cellular heterogeneity, but perhaps for planning and implementation of personalized immune-cell therapies for combating difficult diseases in the future [21] .
